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HATIONAL ADVISORY CCMMITTEE FOR AFROHAUTICS

REGEARCH MEMORANDUM

INVESTIGATION CF LIQUID FLUORINE - LIQUID A¥

ITA PROPELLANT

¥

COMBINATION IN A 100-POUND-THRUST RCCKET ENGINE

By Edward A. Rothenberg and Howard Y. Douglacs

SUMMARY
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It was noted that ruas started with an oxidant lead resulted in
either rough starts or explosions, while runs hegun with a fuel lead vere
generally smooth-starting.

INTRODUCTION

Present range requirements for rocket .aissiles leave the designer
with some choice of propellant cocmbinations; but, as these requirements
beccme more demanding, missile weight considerations will focus atten-
tion on high-performance oxidants such as fluorine. Liquid fluorine
offers the designer of long-range rocketl missiles the advantages of
high performance, high density, and spontaneous ignition - all tending
to minlomize total missile weight.

Flucrine 15 at present rather costly. Adeguate tecbniques have
beesn developed for the 1wndling and transporvtation of only relatively
suall quen However, the raw materials which go into the manu-
facinvce are sbundant, and, as new snd large-scale uses are
found for iu, +4c increased demond can be expected to result in an
appreciable decrzase in price. rFurther, experience will help to develop
safe and simple procedures for handling and shlpping the gas or liguid
in larg:

the ACA Law

*d hyd?azxn- a8
vely) has shown that
88 reyvcent snd

chary of ROPTOX vercent of the theo-
reticn zouilibriun coupo itira evpansion, are
cbtainahle in engines, Hovever; preliminary work in

a 50-pound-thrust englne vith the winonla-{luorine combination performed
at the Jet I aboratory of the Califoranla Institute of Tech-

51 1

nology (ref. 3) indicated a waximum of 84 percent of the theovetical
characteristic velocity, Experimental performance evaluated at Chio

tate Unlversity in low-thrust engines at various chazmber pressures
(ref. 4) was 70 percent of tha theoretical maximum specific impulse.
In view of the experimental results in reference 2, it was concluded
that, in spite of the high reactivity of fluorine, the injection method
is still of primary lumportance in achieviug high combustion efficiencies.
1 4
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It was, therefore, the intention of the present work at the NACA

Lewls laboratory to further reveal the nature of the problem of effi-
ciently burning liquid fluorine and liquid ammonis in a rocket engine.
Accordingly, the performance efficlencles of several different injector
'configurations vere evaluated over a propellant mixture range with this
combination in 100-pound-thrust, vater-cooled rocket engines operating

at a chamber pressure of 300 pounds per square inch absolute.

Spacific impulse, characteristic veloecity, thrust ccoefficient, and

total heat rejection were calculated from measured thrust, propellant

flows, chaaber prescure, coolant flow, and coolant temperatures.
of the performance parvameters plotnte
presented.
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injoctors (one with four sebs of 1
one-oxidant-on-one-fuel injector wi

and ¢ne of a conical array of fuel Jots iluwinging inside a
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Tzpinging- et injectors, run in chambers of characteristic length
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*5, included two different two-oxidant-on-cne-fusi
noles, the other with six sets), a
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b

27
tilsal

HCLATURE

ren

ihe following symbols are used in this report:

shrusl ccefficient, thrust/{charber pressure){throat area)

characteristic velceity, ft/sec, (chamber pressure)(thrcat area)/
propellant flow

P

gravitational constant, 32.2 ft/'sec2
specifie impulse, lb-sec/ldb, thrust/propellant flow
impu

experimental specific impulse, 1lb-sec/lb

experimental specifie

impulse correcied for heat rejectionm,
lb-sec/1b

experimental specific impulse corrected for heat rejection and
chamber-rressure variation; lh-sec/1h

experlmental specifilc impulse
variation, lb-sec/lb

corrected for chamber-pressure

H
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J mechanical equlvalent of heat, 778 ft-1b/Btu
K slope of I =against log P, curve, 88.65 for armucnia-fluorine
comblnation
L* characteristic engine length, in., chamber volume/throat area
P, experimental chazber pressure, lbfeq in. abs
Q total heat transfer, Btu/sec
To cembustlon temperature, %K
Te temperature of rocket exhaust at nozzle oxit, K
n tdeal thenscdynsmic eycls efflclency, (1 - To/0.)

RUEAEETATION

Propellants

Anhydrous 1lquild &
lcaded directly into
fluorine of at least

coch Tun.

ch Lcnitiﬁiu% S pound
370 pounds ger couaye 1nuh.
to the liguid-nitreg

e fluorine
cridagt sup=-

-

nm
B~20048

Faclilities

A flow diagram of the epparatus used throughcut the lavestigation
18 shosm in flgure 1. fThe facilitles describved kerain ware sinilar to
those of vefersnce 2.

-fluorine supply system perm‘tﬁed use of
cnly one ylin“er at a . Subsequently, six gms=2cus-fluorine cyl-
inders were manifolded inside = protective steel barrier 2s illustrated
in figure 2. The first of these cylinders was fitted with a gearbox
ard an extemsion handle for remote operation. Exteoslon rods passing
through the top of the barrier were fitizd Alreectly to the vailve stems
en the other five cylinders. These cylinders were opened with a long-
handled wrench from cutside the barrier. A phoicgiaph of this system
is shown in figure 3(a).

2835
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The fluorine flow system wes made entirely of brass, nickel, and
monel trbing end Tittings. The fluovine supply tank was suspended from
A cantilever welgh-beam and immersed in a liquid-nitrogen bath

Stainless steel was used throughout the fuel flow systom.  The
fuel supply tank was suspended from a cantilever weigh-beam and vas
immersed in a water bath to provide a huoyant force to ncarly counter-
balance the welght of the tenk. A photograph of the fuel eugpply system
18 showa in figure 3(c).

Pressurized, dry hellum was used to foree the propellants from the
supply tarks to the rocket englne.

The
2ine 45
with the

EE th rropellant lires, valving, and mounted rocket
1 in figure 3(d). Tt is a boaring-type pivoted stand
mounte dovnward angle of 3009,

a

ed to deliver 100 pounds tarust at
sqvﬂre tnech chsolute, Conbusticn
ructed with two iypos of ccoolant passage,
apiral type {fig. 4({bv)). The cn:ﬁb-rs
cf eithor 50 or 120 iaches.

t
1ic

JJ—

aoveral types
a photograph
lot- type two-
realfter desig-
was Incorporated
zhilrsation; how-
~f1vor1n» Investigation.
sets of holes; designated
ted wlth a water-cooled
: later moved closer to the lajoector
ina ‘/8 inch of the ¢at point, »nd the coil diemeter
was deeraassed fo provide for mpingsment of tha resultant streenms
on the coll oyey a wider T mgn of Tuel psrcenteges. This modifled con-
flguration is referred to as the B8(1-1)CB injector. The shoverhcad-type
injector used (fig. S(c)) had 22 fuel and 66 oxidant holes. A second
type of triplet injector (6{2-1)) used i1s shcwn in figure 5(d). It had
six sets of holes and a scmewhat shorter impingenmzut length than the
4(2-1). Figure u(e) shows the double-cone iInjector consisting of a
conleal arrsy of elght oxidant Jets crmmoply lapinging on the resultant
stream frcm a similar coce of elgnt fusl Jets.

8(1 L)CA,
coppar
face, wli

shown in ?igu:e
dence coll. The

Some of the more inportant dimonsicns of the six injectors used
are presented in table I,

-
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Instrumentiation

The instrumentation used throughout thils investigation was the same
&5 that described in reference 2.

Thrust and propellant flow rates were measured with calibrated
strain gages cemented to contilaver welgh-beamg. Voltages of the
straln-gzage circult were recorded on self-balancing potentiometers.

The precision of these mcasurements, lncluding variation of calibration
constonts and interpretation of chart readings, was better than 1.5 per-
cent in propellant fiows and 2 peccent in thrust measurement. Propel-
1nnt lnjection pressure snd combustloa-chember pressure vere measured
by Bourden tube-type pressure recorders. The cutputs of iron-constantan

Py

~g were recorded on self-bealaacing potenticseters and were

soeratures of ohe propellants and ccolant water.

Be
cratures were accurate to within 2 percent,

The courbustion~chamber coolant flow was peasured Wwith a varisble-
orifice roter to an accuracy within 2 percent. The tucbulsnce-colil

area
coolant Flow *as determined from a calibration of flow agaianst the pres-
sure applied to the coolant supply tank.
PRCCEDURE
Engine Cperation

Liguid zamonia was loaded into the fuel supnly tank directly from
the comievcelal sugply cylinder after all valves and rittings in the
entlee tup were pressure-checked and purged with dry hellum.

Gusecus tluorine, from a remotely opeped cylinder, was condensed
in ¢he liquid-nitrogen-cooled oxidant supply taock. Condcensing opera-
tions ware enhanced by the addition of a trep, surrounded by a dry ice -
alconol bath, to remove hydregen fluovlde frem the gaseous fluorine.
after the condensing cperation, both propellaat tanks were pressurized
while a precooling flow of llguid nitrogen ¥as passcd through the fluo-

rine flow systvem. The precooling operation was stopped and the fluorine
flow valve ugened, followed immedlately by the opening of the ammonia
flow valve. After several runs, the firing procedure was altered to

perinlt the introduction of the smmeonda first, during the last few sec-
cnds of the liquid.nitrogen precooling cperation, and then the liquid-

2k

nitrogen flow wes siopped and the fluorine flow begun iumediately.
When the propellant tanks were empuied both systems were purged with
rolt ) purg
agéliunm.

2835
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This fluoriae-haidlirg and Tiring procedure vas later modified to
Obtaip more dsta in less time. The godification provided a slx-cylinder
fluorine manifold and semi-vemote operatlion. The first cylirder of
fluorire was condenced rexotely as wae descrided above, after which the
cylinder valve was closed. IT no difficulty vas encountersd, the oper-

ator approached the cutside of the bVarrier ard, reaching over the top : 4
with a long-handled wrenck, opened as msuny of the remalning five cylin-

ders as were required. Cendensing proceeded from these cylinders :
simultaneously. : i

€ loading. The [iving procedure for the first run of the series
was started as descrived previcusly. Atter agproximately 20 seconds
of runalug, both propellant valves were closed clmultanecously. Since
subsequent runs were rade | sdiately after resetting injection pres-
sures, thore vas no noed for furither line coolling. The fu2l valve was
opered to start the next ron and was followed Lirtedintely by the opening
2

The larger supply of fluorine permitted a serles of runs with a
Sin;

1
5

2L AT.

of the oxidant valve. 5 wvany as four sueccessive runs have been mede
Colloviug this procedure.

turhulenece as
-

base of 300 vcounds

Tha spaeclfie lmoulse corre for total heat rejection is a func-

cte
wlon of the measured hoatb rejection and the 1deal thermodynamic cycle
fielency, (1 - To/Tc), and is given by the equation

The ccrrection for ehazher-prescure varlation wa
leat-corrected specific impulse. The correctio
efical increase in specific impulse with inere

timum arca ratics {ref. 8), and is givern by t

v G

: Iex - Ty = K log (P./300) .
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jwhere X 18 the approximate slope of the curve of I against log Pe
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‘and is equal to 88.565 for this propellant combination. Figure 6 is a

5

curve of these ccrractions plotted against log P.

The experimental chamber pressure togsather with thrust and propel-
lent flows provided the means for calculating characteristic vclocity

and thrust coefficient to a precision within 3 percent.

The heat-rejection values presented were an average over the entire
copbustion chamber, nozzle included, and were taken as the product of
o

3
oolant specific heat, flow rate, and inlet and outlet temperature
ifference.

2835

RESUTTS AND DISCUSSION
Specifie Impulse
sant gd in table 1I. Filgura

7
tion of wq t percent fual for
ui cal curve

xperimenta
‘our of the
aricon. The cury
as obtalrad with
ngine., Peak e
T pound 4k
“ I

ing a 50 L*
270 pound-szconds
£ ihe thooretla

coyoxipatoly 87 ne
per pound at 24
pverecent

&
on.

“h??s ig rclau wl dei
pe tliﬁad curve .nd1C1L\S that a spe

ulse of abo it 250 pound-
JLALQOOIL at fuel pereentoges as high as 40.
vhen the deslign of s sulf-cooled rocket
racnla 1s the morve obvious coolant of this

lis r@giOJf
wine 1s conslide
mbination.

The high performaunce of the 4(2-1) in the fuel-rich region i3 in
arp conbrast to the abrupt decrease in efficlency of the 8(1-1)CA
plnging-Jet injector on elther side of the peak performance of 264
und-seconds per pound at 29 percent fuel. Simllar results were
served In veference 2, vheve 1t was uggpsted that the varistion of
Ficiency with fuel percentsze FTor this inJector was dus to a depend-
Ly on resultant angle of the 1lmpinging stremms. Several runs made
th the medified turbulence coil, 8(1-i)CB, revealed no measurable
*rgase over the performance of the §(1-1)CA configuration. Although
lifference in EIfiCiELLy would poseibly have become apparent had a -
’atar nugber of runs en made with both types of turbulonce promcter,
\was evident that n“iohPr of the coils would have increased the effi- .
ncy of the 1-1 configurations to that of the 4(2-1).

|
|
1
i
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Three check runs made with ihe snowerhead injector in a 190 L*
chamber gave extremely low parformance, as ¥as expected when the results
reported in reference 2 were sonsidcred. The highest specific irpulse
obtained was only about 2235 pound-seccads per pound at 33 percent fuel.

The corrccted curves of specific impulse, shown 1n flgure 7(v),
ipdicate no significant difference from the trends established by the
.experimental data. The maximum corrected value for the 4(2-1) injector
was 275 pound-seconds per pound at 28 percent fuel, an increase of 2
percent over the uncorrected value. The raximm value for the 8(1—1)CA
and 8(1-1)CB injectors was Increased 3 percent by the correctlons to a
value of 272 pound-seconds pov pound at 29 perceat fuel.

Cnaracteristic Velocity

stic velocity C* agelnst
ro 3, show sgala that maxinua

wol
par 1 .1) ialector, although the differ-
enc veen the max intector wnd that of the 8(1-1)CA

nee 5T
and 8(1-1)CHB injectors wa The velues were

BI00 aud G520 fe

o )
the thacoraticead The pe curves, howevar, oeccurred
at 32 percent tug the 4(2-1) 27 porcent with the a{1-1)CA

C* walues higher than 5560 f2et pel second wers obtalped with
rerhead lajector ia a 1CO LY chanh:

Thrust Coefficient

Thyust-coefTiclent values for the chawber nozzles uszed reached a
paximum value of 1.31, 9% perzent of the theoretical wnxirm based on
equilibeium composition expansion, as shown in figure 9. 'The sow values
ay be due, as wes suggested In reference 2, to nonequilibrivm expansiocn
through the engine nozile.

Heat Rejectlon

Average total heat.rejection values for ithe 4(2-1) injoctor vere
nly slightly higher than those for the 8(1-1)CaA and 8{1-1)CB injectors,

-

s snown by figure 10 (a reference curve of combustion temperature 1s
1so included). Values varied from 2.5 to 3.1 Btu/(sec)(sq in.) for

he 4(2-1) =2nd frow 2.4 to 2.7 Btu/(scc)(sq in.) for the £(1-1)CA and
(1-1)CB over the range of 20 %o 40 percent fuel. The showerhead injec-
Lr produced the lowest heat-rejection values, 0.9 to 1.1 Btu/(sec){sq

.

 —
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Burn-outs oecurred with two injectors within 3 seconds of the start j
the runs. The center face of the 6(2-1) inJector (fig. 5(d)) burned L
fough despite efforts to cocl the face by diverting a portion of the -
fdant flow tarough siall holes drilled in this face. A ccmparison
'the dimensions of this injector with those of the 4(2-1)(see table I)
>ws that the 6(2-1) injector had a shorter implngement length and
rrer distance from implingement point to engine axis. In addition,

» external manifolding of the two fluorine chombers in the 6(2-1)

lg. 5(d)) resulted in a 50-50 distribution of fluo1iue to the two
smbers, as opposed to the internal manifolding (tig. 5(a)) used for

2 4(2 l), which provided for ©3 pevcent of the fluorine flow through
2 inner chawber. Any cone, or corblnation, of these dlfferences could
se resulted in the burning ocub of the 6(2-1) injector.

2835

An exsminaticon of the double-cone injector after attompted runs
vealad several holes burned in the ianLtox face vetween the drilled

Ldant orifices.

Operaticual Hotes
.
Low~Tfraguoney fluctuations of thrust chamber pressure; and
opzllanb-injecilon piressures wore evides d 1n runs with the 4(2-1) . -
than ?8 percent fuel. The chamber-
rds <¢btained with a
later budstﬂﬂbiathd by
zr T2 n5~¥ups. The

U
b

Jector af mixbture ¢
2gsure cillacions
uzden»rgoe Drassura

tlos 5';3 er

Lui‘uv@"“ (fﬂk, ]l) B.T’Ll wer
wn o vard M)lCﬁrﬁ7‘u: AT

Ja8 V&ld
. wwation use wao not sultable
Eho &wplitude, it indicated a trend of

centage to a peak-Lo-peak value
SyuAre inbh at 50 percent fuel.

Attempts to detesvlne the ascurce of thece very-lowv-freguency pres-
re disturbances vere not successful. Cold.-flow tests made under simu-
ted run condlitions failed to exhibit any fluctuations in propellant
Jjection pressures. Differential pressures of the propellants across
is injector were between 100 and 200 pounds per square inch, which LA
uld tend to inhibit any counl*ng between the combustlion chamber and ezl
opellant supply sysiems. It sppears that the osclllations are asso- B
ated with this particular triplet injector and could probably be
itinated by a different triplet design.

Rough starts; erratic chauber pressure and thrust buildup, were : e
served at the out et of the investigation. (Similar obscivaticns . ;
e reported in ref. 3.) The firing procedure at that time calied for :
short fluorine lead into the chamber. .An extended oxidsnt lead of T

proximately 2 to 3 seconds resulted in an explosion in the rocket .
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chamber when the fuel wes intreduced. The flripg procedure was then
altered to provide a definite fuel lead. Runs made under these condi-
ticns produced sncoth starts with fuel leads as long os 3 Lo 4 seconds,
as shown by the thrust rescord reprcduced in figure 12(a). (Liquid-
nitrcogen flov was maintained in the fluorine line during the fuel lead
to prevent smmonla from backing up Into the fluorine system.) Figure
12{b) shows, by comparison, the thrust record of & run started with an
oxidant lead. A more detalled luvestigation of this phencmenon shovld
reveal its exact nature and establish a recommended starting technique.

Chamber deposits, (in small quantities), probably consisting of cmmo-

nlun fluorlde for the most part, were observed when amnonla was pernltted

Y

to flow through the cham

[ LS &

ber after the fluorine fluw had expilred. Arrange-
al runs to provide a fluorine override. Examina-
and injector after those runs revealed only
only traces of the depeslt were In evidence
Tlow were halted simultanecusly.

traces of the depos
when both fluocine

CIMFARY OF RESULTS

The wosults of the lnvestigaticn of the liguid fluorine - liguid
shunonia propellant inatle ?

Dressuxe

cporatling
can be s5u

A

mrlaed as follows:

va

‘ for heat

from a base
C

iach a 7

ector was 6800 feel per cocond

rce of the theoretlical. Average total hen

values vorled from 2.5 to 3.1 Btuf(sec)(sq in.) in the ranges of 20 to
40 nercont fuel. .

2. A one-oxidant-cn-one-fuel lmpinging-jet injector fitted with a -
turbulence-premoting coil and rua with chambers of 50-inch character-
istic length produced e maximum speclfic impulse value of 264 pound-
seconds per pound. Ths best value of characteristic valoclty obtailned
Was 6550 Teet per second. Reat-rejection valuas ronged frcm 2.4 to 2.7
Btu/{sec)(3q 1in.) 1n the veglon of 20 to 40 percent fucl. A modification
of the coll resulted in no measurable increase in performance.

P “
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3. Three wuns sade with a shoverhead-type injecter with a chamber
100-1nch cb&r cteristle length gave lcw perforwuance. The highest
:eifle~impulse value obtalned was 225 pourd-seconds per pound.

4

U‘)
ge8e

|+ 4. The raximum value of thrust ccefflecient chtaiped for tue noz-
s used was 1.31, 92 percent of the theoretical value.
\

« 9. Injector Wurn-outs occurred vithin 3 seconds of the start of
e runa with a triplet-type injector with six sets of holes and an
Jector consisting of a conical arrny of fusl jats Impinglng 1nside
similar cone of oxidant Jets.

ldup of th erved 1in
h tho Lluuane . bUftiOQ
srzcnla. Ruas cnerally

7. 83nall zmownts of a white
e noticed on tha rockew~inject
tx—‘l‘ runs tn whierh
\Jno I {low

Iaee

nosit were in
J mnd oxidant

snocific-
2 on egui-
; L injechor
& utill , , 2 hisved
ation of v;\icuq *Ajcr-or znd nozzle counfigura-
auu ve Taciliteted and aceelerated by cnerailon ag
” 2la which would offer a greater degree of {lexibilivy
p such tajector and engine studies.

twis Flight Propulsion Laboratory
Hational Advisory Coumlittee for Aercnautics
Clzv=land, Ohio, April 20, 1953
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Fluorire
f‘f,
il 0,023-1n, - a!a3, azzonia criffces
"] 0.0%4-1n, - dtam. flucrine crifices
\*‘\E‘A&x:l)"
N,
C-31652
CD-2968

() Impinging-Jet injector providing for eight sets of one-oxldant-on-one-fuel lets with
turtulence coil A (8(1-1)CA).

_ CD-3146 .

0.011-in, = diam, ammonia orifices

0.018-1in, ~ dlam, fluorine orifices
{inner race)

0.012-in, = dlam. fluorine orifices

(outer race)

(c) Showerhead injecior with 66 oxidant orifices and 22 fuel orifices.

Tilgure S5S. - Continued. Injectors investigated.
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Fluorine

C-28236
CD-2970

0.029-1n, - diam, ammonia orifices
0.025-1In, - d1am, {lucrine orifices
0.016-1n, « diam, fluorine orifices
(7) in conter face

23

(d) Impinging- jet injector providing for six sets of two-oxident-on-one-fuel jets with

center face coolaat holes (6(2-1)).

Figure 5. - Concluded.

77 .
ik,

I

v 4 c~28101
W ) cD-2971

0.018-1n, - d1an, ammonia orifices
0,031-1n. - diam, fluorire arifices

InJectors investipated.

P—_—

(e) Double-cone injector. Impingiung-Jjet injector providing for impingement of eight
fuel jets at common point inside concentric cone formed by eight oxidaut strea
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Injector Characteri{stic
. engine length,

L*, in.
O 4(2-1) ' 50
D———— 8(1-1)CA 50 /
O———— 8(1-1)CB 50
& ~ —— Showerhead 100

340 T
_ﬁ Stoichiometric
(4] /"_ P -
? 300 4" \\\
= ' ~ .
*E‘s [o] \ \\
o
’2 -hku \\
o 260 S s <
g // o o \\ \ \
4 i / N \
" 4? \\ N
3 220 Vi ’A\\ ‘\ o \
; TTT T
] 9 f( ° \\
1) . ’ : o
180
10 20_ : 30 40 50 60

Fuel, veight pereent
(a) Comparison of messured and calculated values.
Figure 7. - Theoretical and experimental specific impulse of 1liquid fluorine -

liquid ammonia ia 100-pound-thrust rocket engines. Chamber pressure, 300
pounds per aquare inch abaolute,
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Injector Characteristic
engine length,

L*, 1n.
4(2-1) 50
.‘ _
D e e — B8(1-1)cA 50 /
8{1-1)cB 50
— — Showerhéad 100

= ==~ Theoretical, equilidbrium expansion

340 I
Stoichiometric

AT T k.

300 \\ N
L S R Y \\‘
250 // 4 ~ \ NG
/ Vd \\ \\‘
r/ \\ \\
/ —t

220 ,_/ /’ P o \\
180 ;

10 20 30 40 50 60
Fuel, welght percent .

(b) Comparison of calculated and corrected experimental values.
Figure 7. - Concluded. Theoretical and experimental specific impulse of liguid

fluorine - 1iquid ammonia in 100-pound-thruat rocket engines. Chamber pres-
sure, 300 pounds per sguare inch sbaolute.
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InjJector Characteristic
engine length,

L.’ in.
O 4(2-1) 50
/
O— —— — 8(1-1)CA 50
o~ — — — 8(1-1)CB 50

&8s av e Showerhead 100 - &ﬂ_

— e = = Theoretical, equilibrium expansion -

7600 |
o Stoichiometric — e
O -
3 W
& 6800 - | - S -
"‘ b 0 "‘N \\
K RN Al S ~C
3 o i~ OOO
° //,
3 6000 A}
2 Pe) P
5 /
+ y & |
7 / z
@ / 1 ‘
4 5200 ° el :
& I
g lo :
e z
4400
10 20 30 40 . 50 60

Fuel, weight percent

Figure 8. - Theoretical and experimental characteristic velocity of liquid
fluorine - liquid ammonia in 100-pound-thrust rocket engines. Chamber
pressure,; 300 pounds per square inch absolute.
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Injector Characteristic

L*, in, §
(3.}
o 4(2-1) S0
' /
0 8(1-1)CcA 50
© 8(1-1)CcB 50
A Showerhead 100
Experimental
-=—= = - — Theoretlical, equilibrium expansion
1 T
4 Stoichiometric

[
-
[+
¥
]
1
|

[
™
4

Thrust coefficlent, Cp
N
[«
o
j
{
©
q

1.0 - S : 1
10 20 30 40 S0 60
Fuel, weight percent

Figure 9. - Theoretical and experimental thrust coefficient of liquid fluorine -
liguid ammonia in 100-pound-thrust rocket engines. Chamber pressure, 300 pounds
per square inch absolute.




Injector  Characteristic
engine length,

. L* in.
O 4(2-1) 50
O — —— 8(1-1)CA 50 4
O— —= ==~ 8(1-1)CB 50 ﬁ
& = «— Showerhesd 100 -
—— ieoretical, equilibrium expansion
4500 = - —
\‘
o \\
-~
' \\
e . o s \.\
2500 Ny
Stoichiometric
4
cm%J ° d o
sl ___,..0—-0—0—
S 1 _olo g |  —opo—
2T o5t e T———
o [+]
2
o
o a
oA ____{
a R_:,NACZA,,_-"'
0 ' 1

10 20 : 30 40 50 60
Fuel, weight percent

Flgure 10. - Theoretical coubustion temperature and averaged total experimental
heat rejection to complete engine assembly of liquid fluorine - liquid ammonia
in 100-pound-thrust rocket engines. Chamber pressure, 300 pounds per square
inch absolute.
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